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a thermal diffusivity 
As surface area, m2 
C coefficient in Eq.(4.3) 
C1 coefficient in Eq.(3.7) 
C2 coefficient in Eq.(3.9) 
ch specific heat of test heater, J/(kgK) 
D diameter of the cylinder 
D0 reference diameter of 1 mm 
h heat transfer coefficient, W/m2 K 
H 180 deg twisted pitch, m   
L effective length of heater, m 
Ls swirl flow length, m 
Nu Nusselt number, hL/ 
Pr Prandtl number 
Q
．
 heat generation rate per unit volume, W/m3 
Q0 initial heat generation rate per unit volume, W/m
3 
q heat flux, W/m2 
Re Reynolds number, UL/ 
Resw Reynolds number based on swirl velocity, UswL/ 
Sw Redefined swirl parameter, Y/Re
sw
 
T temperature, K 
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T temperature difference between wall and gas, K 
t time, s 
U velocity of helium gas, m/s 
Usw swirl velocity, U[1+(π/2Y)2]1/2, m/s 
V volume of the heater, m3 
W width of the plate 
W0 reference width of 1 mm 
x coordinate along the thickness of the plate, m 
y coordinate along the central line OO’ of twisted plate, m 
Y twisted ratio, H/W 
θ twisted angle, deg 
θ time parameter, s-1 
 heater thickness, m 
h density of test heater, kg/m3 
 thermal conductivity of test heater, W/mK 
 kinematic viscosity of helium gas, m2/s 
 period of heat generation rate or e-fold time, s 
  
Subscript  
b bulk 
f Film 
s surface of test heater 
st quasi-steady state 
tr transient state 
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CHAPTER 1 
 
 Introduction 
 
Thermal-hydraulics has played a key role in the design, operation, performance and 
safety of nuclear power plants since the nuclear system had been invented. For the vast 
works had been done for the research and development (R&D) on thermal-hydraulics 
progressed by the researchers throughout the world, the operation, design and 
performance of nuclear power reactors have significantly improved. However, a 
continued R&D work on thermal-hydraulics and safety of operating and future nuclear 
reactor are still needed, for serious reactor core damages occurred at TMI-2 (1979) and 
latest at Fukushima-daiichi nuclear power plant (2011).  
On the other hand, it is generally appreciated that the simple cycle gas turbine loses 
roughly 70% of the heat energy produced in combustion in its exhaust gas. For the 
propose of solving this, SMGT (Super Marine Gas Turbines) has a recuperator to reduce 
fuel consumption. However, high reliability, compactness, high heat transfer performance, 
and low pressure drops are required to the SMGT recuperator. Therefore, the elucidation 
of thermal-hydraulics is also vital for the design of reliable compact heat exchangers used 
in SMGTs. 
CHAPTER I 
2 
 
1.1 Introduction to HTGRs  
 
Both Very High Temperature gas-cooled Reactor (VHTR) and Gas-cooled Fast 
Reactor (GRF) can be classified as the general category of HTGR, the generation IV of 
nuclear energy systems. Issues and R&D needs demonstrated for VHTR and GFR are 
mainly grouped by type of reactor and by operating domains: normal operation transients, 
accidents and severe accidents. The discussions are mainly focused on the R&D needs in 
coupling thermal-hydraulics with other fields of physics (chemistry, neutron physics, 
thermo-dynamics, et al.) or technology (parts design) related to high temperature flows 
under occasional/accidental cases. 
 
1.1.1 Introduction to very high temperature reactor (VHTR) [1] 
The Very High Temperature Reactor (VHTR) represents a logical extension of the 
High Temperature Reactor systems which was invented in 1950s. VHTR is a helium-
cooled, graphite moderated fission nuclear reactor with a single-pass uranium fuel cycle. 
The VHTR system is desired to be a high efficiency system, for the purpose of supplying 
process heat to wide range applications such as hydrogen production or petrochemical 
industry. The system include electricity generating equipment and chemical apparatus to 
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meet cogeneration needs. By now, there are several experimental and prototype units have 
operated in several countries, such as NGNP in USA, Gt-MHR in Russia, PBMR in South 
Africa, HTR-10 in China and HTTR in Japan. 
The Next Generation Nuclear Plant (NGNP) prototype concept employs the VHTR 
concept and by now the VHTR is seems to have the most possibility. The NGNP is based 
on the judgment between the development of the lowest risk technology and the 
commercial requirements on providing economically competitive heat source which have 
the capability on hydrogen production. The reference concept includes a helium-cooled, 
graphite moderated, thermal neutron spectrum reactor. The reactor outlet temperature was 
expected to be about 950 ºC. The construction of reactor core will either be a prismatic 
block or pebble bed as the US Department of Energy proposed. The NGNP will produce 
not only electricity but also hydrogen using an indirect cycle with one or more 
intermediate heat exchanger (IHX) to transfer the heat to either a hydrogen-production 
facility or a gas turbine. 
The helium gas is used as the primary coolant in these systems, which, up to 950°C, 
flowing downwards in the core with a pressure ranging between 4.5 to 7.0 MPa. It drives 
a gas turbine for generating electricity and after that it is returned to the reactor core by 
using a compressor. Fuel is in the form of Triso particles and the diameter is less than a 
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millimeter. The particle has a kernel of uranium oxycarbide, with the uranium enriched 
up to 17% uranium-235 and was covered by layers of carbon and silicon carbide, giving 
a containment for fission products which is stable to 1600°C or more. These particles may 
be arranged in blocks as hexagonal 'prisms' of graphite, or in billiard ball-sized pebbles 
of graphite encased in silicon carbide. 
 
1.1.2 Major test HTGRs and their operating parameters 
Currently, several newly designed HTGRs have been constructed or in the process 
of design, in Japan, China, et al. 
In Japan, the high temperature engineering test reactor (HTTR) is a helium gas 
cooled and graphite moderated nuclear test reactor and has been developed over 20 years 
since its first criticality in 1998 [2]. Its thermal power is 30 MW and the outlet temperature 
is 850 ℃- 950 ℃. It aimed at demonstrating the application of various systems for high 
temperature nuclear heat utilization such as hydrogen production. A helium to helium 
intermediate heat exchanger has been adopted to exchange the heat under a high operating 
temperature above 900 ℃ [3].  
In China, a pebble bed type nuclear reactor named HTR-10, with a 10 MW thermal 
power is operating, which reached its first criticality in 2000 and began to operate on full 
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power in 2003. Its power conversion system is a steam turbine generator, fed by the 
primary coolant, helium [4, 5]. A new project with considering a recuperator which was 
based on 38 plate-fin heat exchange modular elements, for the purpose of ensure high 
efficiency of the gas turbine cycle by heating up primary coolant by the heat of the 
primary coolant flow was in process. 
 
1.1.3 Thermal hydraulic challenges on VHTR 
The thermal hydraulic design and associated modeling for advanced reactor concept 
are significant challenges for the reactor designers. Computational thermal hydraulic 
codes only solved a piece of the core, for example 1/12 section of the prismatic block is 
normally be researched as the smallest element [6]. The one which can be used to solve 
the whole core solid heat conduction/gas dynamics transient is requested for investigating 
and understand bypass flow with all the relevant physics, thermal mechanism and fluid 
flow for the NGNP concepts. Three dimensional effects are not easy to be obtained with 
system codes, and computational fluid dynamics (CFD) models are too complex for 
transient analyses. 
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1.2 Motivation of This Study 
 
As stated in above, the VHTR not aims only to generate electricity but also aims to 
various process heat utilization e.g. hydrogen production, coal gasification, etc [7]. This 
will promote the complex of the whole system and demand a more safety operating 
condition. However, transient heat transfer due to some accidents e.g. power burst caused 
by withdrawing of control rods, rapid depressurization and transient velocity of coolant 
is complicate but important thermal-hydraulic issue for VHTR. Hence, the understanding 
of transient heat transfer process caused by exponentially increasing heat input at various 
periods on a solid surface under wide experimental conditions such as gas velocity and 
geometric shape of the heater is important to the safety evaluation of accident. 
In addition, bypass flows in VHTR for both prismatic and pebble-bed core have a 
growing attention recently [7-10]. These bypass flows can cause large temperature 
gradient in graphite fuel blocks, which raises potential structural issues because of 
excessive thermal stresses and thermal fatigue [7,8]. Normally, simplified approaches 
such as flow network calculations and unit cell models have been applied for the reactor 
core design [9-12]. However, the distribution of temperature in the fuel pins and graphite 
blocks as well as coolant outlet temperatures are strongly coupled with the local heat 
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generation rate within the fuel blocks which is not uniformly distributed in the core. 
Hence, it is important to establish a database on thermal-hydraulic characteristics of 
helium gas at various heat generation rates which can be applied to set up a more precise 
flow network or be applied to the numerical calculation. 
On the other hand, the high temperature heat exchangers (HTHEs) are adopted to be 
the intermediate heat exchanger in the HTGR system. It was used to transfer the heat from 
the primary helium from the core to a secondary liquid, for electricity generation system 
or hydrogen production process. For the purpose of rising the efficiency and cost 
performance of the whole system, it is important to obtain a large heat transfer area and 
reduce material cost, therefore, the current IHX needed to be more compact. However, 
for the safety requirement of the reactor is high, it is crucial to study the heat transfer 
enhancement under transient conditions. 
 
1.3 Study Progress on Transient Heat Transfer  
 
As mentioned in 1.2, some engineering problems have not been solved in the 
development of VHTR. Transient thermal hydraulic problems due to nuclear reactor 
accidents such as power burst, rapid depressurization and withdraw of control rods are 
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critical issues for the safety design of the VHTR. In addition, narrow gaps among packing 
of graphite and carbon blocks are possible and a small part of helium flowing through the 
gaps may not be heated sufficiently. Helium flow in these gaps may become varieties for 
different bypass flows. For the reason of these, we focused on the transient forced 
convection heat transfer accompanying exponentially increasing heat input to a heater. It 
could be a fundamental research for safety assessment of the transient heat transfer 
process in a VHTR. The obtained thermal hydraulic characteristics may be used for 
simulation on the bypass flow in the horizontal gaps of the flow network. 
There are few experimental, analytical or numerical works on transient heat transfer 
process at different heat generation rates as far as authors know. Soliman and Johnson et 
al. [13] analytically obtained a temperature change in plate by taking into account the 
turbulent boundary around the plate by double Laplace transformation methods. However, 
the solution of heat transfer coefficient for water is 50% higher than their experimental 
data. Kataoka et al. [14] conducted the transient experiment of water which flows in 
parallel to a cylinder, and obtained an empirical correlation for the ratios between the 
transient heat transfer coefficient and steady state one in term of one non-dimensional 
parameter, which was composed of period, velocity, and heater length. The simulations 
for transient heat transfer are also difficult due to the complex thermal hydraulic 
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phenomena. Tochio and Nakagawa [15] numerical simulated three dimensional thermal-
hydraulic for the HTTR with STAR-CD○R  code. They calculated both steady-state 
(normal operation) and transient state (coolant flow reduction test). However, when it 
comes to transient state, the calculated RPV (Reactor Pressure Vessel) temperature and 
lower permanent reflector block temperature have large differences from measured ones. 
Sato and Johnson [16] numerically studied the core bypass flow phenomena in a prismatic 
VHTR. Factors include inter-column gap-width, turbulence model, axial heat generation 
profile and geometry change have been discussed. However, the horizontal cross flows 
between the tops and bottoms of adjacent blocks have not been discussed. In light of these, 
it is deemed necessary to clarify the transient heat transfer process due to an exponential 
internal heat source to help the design, testing, and certification of the VHTR. 
 
1.4 Study Progress on HTHEs 
 
High temperature heat exchangers (HTHE) (arbitrarily meaning temperatures above 
650 ℃) is one of the most important components to transfer thermal energy from one 
loop to another loop in many highly efficient power and propulsion systems, such as 
recuperative gas turbine and combined cycles, externally fired cycles, recuperative 
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microturbine systems and the new generation reactors. It is a recuperator to preheat the 
clean air by using the heat of the exhaust gas in the Super Marine Gas Turbine system 
(SMGTs) and is an intermediate heat exchanger (IHX) to transfer the heat from the 
primary helium from the core to a secondary liquid, such as helium or nitrogen/helium 
mixture or molten salt, for electricity generation system or hydrogen production process 
in the high temperature gas-cooled reactors (HTGRs) indirect system. In this study, the 
utilization of HTHEs in the HTGRs system at transient state is focused on. 
 
1.4.1 Utilizations of HTHEs in the HTGRs 
Various conceptions of HTHEs are proposed and developed such as shell-and-tube 
heat exchangers [17-20], plate-fin heat exchangers [21, 22], printed circuit heat 
exchangers [23-25], shell-and-plate micro heat exchangers [26-27] and bayonet tube heat 
exchangers[28-29]. The former three HTHEs are the potential IHXs for the HTGRs. The 
shell-and-tube heat exchangers (show in Fig.1.1) as the first used IHXs were used in the 
High Temperature Engineering Test Reactor (HTTR) of Japan [30] and will be adopted 
in the Modular Pebble Bed Reactor (MPBR) at MIT in USA [31,32]. It is usually 
constructed as helically arranged bundles to be enough robust. The design criteria and 
technology has been fully developed. However, compared to shell-and-tube heat 
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exchangers, the compact heat exchangers are characterized by a large heat transfer area 
per unit volume of the exchanger, resulting in reduced space, weight, support structure, 
and material cost. Therefore, it is important to develop a compact IHX by using the 
compact heat exchanger or heat transfer enhancement method. 
 
 
 
 
Fig.1.1 Bird’s-eye view and main features of the He/He intermediate heat exchanger 
of HTTR [33]. 
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1.4.2 Development of heat transfer enhancement for HTHEs 
The design criteria of the heat exchangers for HTGRs is complicated and limited, 
for example, only “base material without thermal aging” is covered by the conventional 
design criteria and other parts is related to the brazing process. Therefore, due to the 
design criteria of current IHXs is matured, the cost-performance on optimizing the heat 
transfer performance on the current IHXs is higher than on inventing a new type of heat 
exchanger. And also, one of the common features of the HTHEs are large temperature 
difference. Such large temperature difference affected the gas physical properties 
 
 
Fig.1.2 Local velocity and Reynolds number along streamline direction in HTHE [34]. 
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significantly. Fig.1.2 shows the local velocity and Reynolds number variations along the 
streamwise direction for the cold side with constant inlet flow rate in the HTHXs [34]. 
The operating liquid is helium gas under a pressure of 7 MPa. The local velocity is 
increased by nearly 50% while the local Reynolds number is decreased by nearly 25% 
due to the variation of gas physical properties when the fluid is heated from 850 K to 
1250 K. The heat transfer and fluid flow become periodical after a few entrance length 
which is different from the traditional low temperature heat exchanger. It is considered, 
the research on heat transfer enhancement can reduce the periodical change of heat 
transfer and fluid flow. 
The researches on enhancing the heat transfer performance are mainly focused on 
enhancing the heat transfer of the channels, for example, the ribbed channel and the 
channel with various kinds of twisted tape. K.Takase [35] studied the forced heat transfer 
in square-ribbed coolant channels with helium gas for fusion power reactors as shown in 
Fig.1.3. Such constructions were designed to enhance the turbulent heat transfer in 
comparison with smooth coolant channels. The turbulent heat transfer coefficients in the 
square-ribbed annulus, with a ratio of the rib pitch to a height of ten, were 200–300% 
higher than those in the smooth annulus and then the thermal–hydraulic empirical 
correlations were derived. Ting Ma et al. [34] numerically studied a 2-D ribbed channel 
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model and investigated the effects of temperature variation and rib height on the heat 
transfer and fluid. The channel is broad channel with an aspect ratio > 4 and with 
transverse and continuous ribs. Halit Bas and Veysel Ozceyhan [36] studied flow friction 
and heat transfer behavior in a twisted tape swirl generator inserted tube. The effects of 
twist ratios (y/D = 2, 2.5, 3, 3.5 and 4, y means half of pitch (m), D means inner diameter 
of the tube (m)) and clearance ratios (c/D = 0.0178 and 0.0357, c means distance between 
inner wall of the tube and twisted tape insert (m)) are discussed in the range of Reynolds 
number from 5132 to 24,989, and the typical one (c/D = 0) is also tested for comparison. 
Uniform heat flux is applied to the external surface of the tube wall. The air is selected as 
a working fluid. By investigating all of their cases, heat transfer enhancement tends to 
decrease with the increase of Reynolds number and to be nearly uniform for Reynolds 
number over 15,000 and y/D lower than 3.0. It means that the heat transfer enhancement 
does not always decreases with the increase of Reynolds number and twist ratio as 
generally considered. A. Moisseytsev [37] reported the heat transfer surface enhancement 
by utilization of tube surface fins. The effect of the fins on the heat transfer and how to 
take into account into a numerical model is described. The tube configurations are shown 
in Fig.1.4. In this study, we devote ourselves to the heat transfer enhancement due to 
twisted tapes under transient heat transfer conditions. 
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Fig.1.3 Illustration of a square-ribbed annular channel [35]. 
 
 
 
Fig.1.4 Possible tube configurations: bare tube, fins on outer surface, fins on inner surface, 
fins on both surfaces [37]. 
 
1.4.3 Development of heat transfer enhancement due to twisted tapes 
Twisted tapes are often adopted to enhance heat exchangers as turbulence promoters. 
They were usually used to enhance the wall-to-bulk mixing and increasing the fluid 
velocity axial component. Manglik and Bergles [38] reported the heat transfer and 
pressure drop correlations for twisted-tape inserts in isothermal tubes. They considered 
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twisted tape element effects and developed laminar flow correlations for the friction 
factor and Nusselt number, including the swirl parameter. They [39] also provided 
thermal-hydraulic correlations for predicting the friction loss and Nusselt number for 
fully developed turbulent heat transfer in circular segment ducts with uniform wall 
temperature. Saha et al. [40] developed correlations of friction factor and Nusselt number 
for regularly spaced twisted tape elements in rectangular and square ducts. They [41] also 
studied the heat transfer and the pressure drop characteristics of laminar flow of viscous 
oil through rectangular and square ducts with internal transverse ribs and twisted tapes.  
However, most of the researchers studied such heat transfer enhancement by using 
twisted tape only for the steady state: the uniform wall temperature (UWT) or uniform 
heat flux (UHF). Transient heat transfer for twisted tapes were seldom reported. Hata and 
Masuzaki [42] investigated the twisted-tape-induced swirl flow heat transfer due to 
exponentially increasing heat inputs with various exponential periods. The influence of 
twisted ratio and Reynolds number based on swirl velocity on the twisted tape-induced 
swirl flow heat transfer was investigated. 
It is considered, the twisted tape itself can be an enhancement element which can be 
used to enhance the fin section of the fin-and-tube heat exchanger or the fin element of 
the fin-plate heat exchanger. There is almost no study on the heat transfer enhancement 
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for the twisted tape (twisted heater) itself. Some work [43] use the correlation of Dittus 
and Boelter. However, as indicated by the works of Liu et al. [44, 45] the correlation is 
neither applied to transient heat transfer nor applied to estimation of heat transfer 
coefficient for twisted tape itself. 
In this study, forced convection transient heat transfer for helium gas at various 
periods of exponential increase of heat input to a twisted plate was experimentally studied. 
The pitches of the twisted plates were 20 mm, 25 mm, and 30 mm and the widths were 2 
mm and 4 mm. The heat transfer coefficients for total length of the twisted plate were 
compared with the values of flat plate which has the same width and thickness with the 
twisted one to clarify the enhancement in the heat transfer performance for the twisted 
plate. Furthermore, the local mean heat transfer coefficients are tested. At last, the 
mechanism of heat transfer enhancement due to twisted plate are discussed based on the 
experimental data. 
 
1.5 Previous Research on Transient Heat Transfer from Gases 
 
Liu and Fukuda [46, 47] obtained the experimental data and correlation for both 
parallel flow and cross-flow of helium gas over a horizontal cylinder. However, the 
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experimental data were only focused on a cylinder for the parallel flow, and the flow 
region for the cross flow is restricted to low Reynolds number. Liu et al. [48] carried out 
the further experimental and theoretical studies on the transient forced convection heat 
transfer for helium gas flowing over a horizontal cylinder due to exponentially increasing 
heat inputs, Q0exp(t/). They obtained the experimental data and correlations for both 
quasi-steady and transient heat transfer under wide-range experimental conditions to 
investigate the transient heat transfer phenomenon for helium gas. And then, the effects 
of velocities, various periods, gas temperatures and size (diameters) of the cylinder were 
clarified. 
Figure 1.5 shows the typical heat transfer coefficient versus period  (s). They [48] 
reported that the heat transfer can be divided into two states, the quasi-steady state and 
the transient state on the boundary of period equals about 1 s. Moreover, two correlations 
for quasi-steady state and transient heat transfer were obtain, respectively, as follows. 
 
50
0
4050 )(22 ...st D/DPrRe.Nu
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where, D is the cylinder diameter, D0 = 1 mm, Nust = hL/, Re = UL/, h (W/m2K) is heat 
transfer coefficient, L (m) is effective length of the heater,  (W/mK) is thermal 
conductivity of helium gas, U (m/s) is flow velocity, and  (m2/s) is kinematic viscosity 
of helium gas. 
    Liu and Shibahara [44] experimentally studied the transient heat transfer for helium 
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Fig.1.5 Transient heat transfer coefficients for cylinder at various periods [48]. 
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gas flowing over a horizontal plate (ribbon) under wide experimental conditions. A 
similar heat transfer performance with cylinder one was discovered. It is the heat transfer 
coefficient approaches the quasi-steady-state for the period τ longer than about 1 s, and it 
switched to a transient state for the period τ shorter than about 1 s where the heat transfer 
coefficients increases as decreasing the period τ. Empirical correlations for transient heat 
transfer was also obtained based on the experimental data. Eq. (1.3) and Eq. (1.4) 
represent the heat transfer performance under quasi-steady-state and transient state, 
respectively. 
 
31509160 /.st PrRe.Nu                           (1.3) 
 
 804801 .tr )L/U(.Nu                         (1.4) 
 
For a further study on transient heat transfer for horizontal plate, Liu and Shibahara 
[49, 50] also carried out experiment for various gases and various pressure and 
temperature. The correlations for both quasi-steady-state and transient state were obtained 
for various gases and the effect of pressure and temperature to heat transfer performance 
was also discussed. 
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Several works were also done for the heat transfer enhancement due to the twisted 
plate. Shibahara et al. [45] experimentally studied the effect heat transfer angle of twisted 
angle on heat transfer coefficient. The twisted plate was made by twisting manually the 
plate along the central line of the plate and the plate was twisted to 45o and 90o. They 
found that the heat transfer coefficients for the twisted plate with twisted angle of 90o is 
13 ~ 28 % higher than that of plate heater. The correlations for twisted plate for various 
gases were obtained in their research at quasi-steady-state and transient state, respectively. 
However, such study on twisted plate is a very simple one. The length of twisted part of 
the twisted plate for different angles was not defined strictly. In other word, the 
comparison of heat transfer coefficients for different twisted angles was not systematical 
enough. Here I want to emphasize that the definition of twisted angle in his study is 
different from the author’s one which will be stated in other chapter. 
 
1.6 Objectives and Outline of This Thesis 
 
This work was extended for the purpose of clarifying two main issues: the geometric 
effect (mainly on effect of width) for plate heater due to exponential heat input and the 
geometric effect (pitches and twisted angles) on heat transfer enhancement for twisted 
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plate due to exponential heat input. The objectives of this research can be summarized as 
follows: 
(1) To obtain experimental data at various experimental conditions (Periods, 
Velocities and Pressures .etc). 
(2) To clarify the geometric effect of heater under transient heat transfer process. 
(3) To clarify the enhancement of heater configuration under transient heat transfer 
process. 
    In Chapter I, the background knowledge on the principle of VHTRs and the thermal 
hydraulic issues on the VHTRs was described in detail. The previous works of Liu and 
Fukuda on the transient heat transfer were summarized and the work what I did in this 
study was introduced. 
In Chapter II, the schematic diagram of experimental apparatus, method of data 
collection and method of data processing were described. The equations for calibrating 
the relation between temperature and resistance were showed. 
In chapter III, transient convective heat transfer for helium gases flowing over a 
horizontal plate were experimentally studied. The heaters were platinum plates with a 
thickness of 0.1 mm and widths of 2 mm, 4 mm and 6 mm. The heat flux, surface 
temperature, and transient heat transfer coefficients were measured for helium gas passing 
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by horizontal plates under wide experimental conditions such as velocities, pressures, 
widths of plate and periods of heat generation rate. The effect of these experimental 
conditions on transient heat transfer performance was clarified one by one. Empirical 
correlations were obtained for both quasi-steady state heat transfer and transient state one 
at various plate-widths. Moreover, an analytic solution for transient heat transfer under 
the same operating conditions with experimental data was described. A semi-empirical 
correlation of surface temperature difference for plate heater was obtained based on the 
experimental data and analytic results. 
In chapter IV, forced convection transient heat transfer for helium gas at various 
periods of exponential increase of heat input to a twisted plate was experimentally studied. 
The pitches of the twisted plates were 20 mm, 25 mm, and 30 mm and the width were 2 
mm and 4 mm. The heat transfer coefficients for total length of the twisted plate were 
compared with the values of flat plate which has the same width and thickness with the 
twisted one. The heat transfer enhancement due to twisted plate for different pitch was 
discussed and the correlations for both quasi-steady state and transient state were studied. 
Finally, the dissertation is concluded in Chapter V, where the contributions of this 
research are stated. 
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CHAPTER 2 
 
Experimental Apparatus and Method 
 
2.1 Schematic Diagram of Experiment Apparatus 
 
The schematic diagram of the experiment apparatus is shown in Figure 2.1. The 
experiment apparatus is made up of gas compressor (2), surge tanks (3), (8), flow meter 
(5), test section (6), cooler (7), the transient heat control system, and the data acquisition 
and processing system. A vacuum pump was adopted to vacuumize the loop and test 
section. The helium gas was circulated by compressor, and the surge tanks (3), (8) were 
used to remove the fluctuations of gas flowing and pressure due to compressor. Moreover, 
the inlet gas temperature was heated to the desired temperature level by a preheater 
(electric heater), and cooled by a water cooling system before the gas flows back to the 
compressor. Inlet flowing rate in the upstream direction of the test section was measured 
with the turbine meter (EG&G Flow Technology), and the pressure was obtained with the 
pressure transducer. The gas temperature of the flow meter exit and the gas temperature 
near test heater were measured by K-type thermocouples. Helium gas used in this work 
is with high purity (99.9 %) and the material properties are listed in the appendix. 
 
2.2 Test Section and Test Heater (Plate Heater as Example) 
 
Figures 2.2 (a) and (b) shows three dimensional view of the test section. The test 
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heater was mounted horizontally along the center line of the circular test channel with an 
inner diameter of 20 mm. Test heater is made of platinum plate with a thickness of 0.1 
mm, and a width of 2.0 mm, 4.0 mm and 6.0 mm. The length of test heater was ranged 
from about 45 mm to about 100 mm; the ends of it were soldered to two copper plates 
with a thickness of 0.7 mm, then connected to two copper wires with diameter of 2 mm. 
The total length is about 174 mm. Two fine platinum wires (0.05 mm in diameter) were 
spot welded to the central line of the heater as potential conductors. The effective length 
of the heater between two potential conducting wires on which average temperature was 
tested was ranged from 40 mm through 85 mm. 
 
 
 
1.Gas cylinder          2.Compressor                 3.Delivery surge tank   
4.Filter                5.Turbine flow meter           6.Test section 
7.Cooler               8. Suction surge tank           9. Vacuum pump 
10. Thermocouple       11. Pressure transducer 
 
Fig.2.1 Schematic diagram of experimental apparatus. 
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(a) Three dimensional view 
 
 
 
 
(b) Cross section view 
 
1. Test heater          2. Potential conductor 
3. Current conductor    4. Thermocouple 
 
Fig.2.2 Test section.  
3 
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2.3 Experimental Method and Procedure 
 
2.3.1 Heat input control system 
The transient heat control system was the same as the one of Liu and Fukuda [1], 
which was optimized based on that of Sakurai et al. [2]. The amplifier gain of each circuit 
in the transient heat system and the exponentially increased waves of the input heat 
generation rate and the standby current interception for limiting max temperatures can be 
set through the analog to digital (A/D) converter by using a personal computer. 
Changeable low-voltage power supply is used as the power supply for heating. Heat 
generation rates of the test heater are calculated by the analogue computer, they are 
compared with a corresponding reference signal to the demand heat generation rate. The 
voltages of these signals are amplified, and the signal of heat generation rate is fed back 
to the amplifier to minimize the difference with the reference signal. Moreover, the 
temperature of the test heater is calculated by the analogue computer, when the 
temperature and heat generation rate of the test heater reaches the values set before, the 
current of the power supply is instantaneously intercepted. 
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2.3.2 Measurement and data processing system 
The dashed box in Fig. 2.3 shows the double bridge circuit used for the data 
measurement. It is involved in the transient heat control system. One branch of the double 
bridge circuit is connected to the test heater. Electric equilibrium was taken at main fluid 
temperature for each experiment before the experiment beginning. When the experiment 
starts, the electric current, flows through the test heater, and the temperature of the test 
heater rises, then the equilibrium of double bridge circuit was broken. The output voltages 
of the bridge together with the voltage of drops across the potential taps of the heater 
across the standard resistance and gas temperature signal from the thermocouple which 
present the main fluid temperature are amplified and passed to the A/D converter of a 
computer. The data was processed by the computer. The converter is 12 bit A/D 
(synchronization 20 s/4CH of sampling simultaneously, 5s of conversion time for each 
channel). 
The resistance of the test heater is given by the next equation. 
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The average temperature of the test heater is obtained by calculating a previously 
calibrated resistance-temperature relation. The heat generation rate of the test heater is 
given by the next expression. 
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The heat flux through the surface of test heater, q (W/m2), is calculated as follows. 
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Where, hc  h  and  are specific heat, the density, and thickness of the test heater, 
respectively.Q (W/m
3) is the internal heat generation rate of heater, Ta (K) is the average 
temperature of test heater. 
Using the measured Ta of the test heater, the surface temperature of the test heater 
was calculated from following unsteady heat conduction equation of the plate by 
assuming the total surface temperature to be uniform. 
For the plate heater, 
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Boundary conditions are as follows, 
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Where, W/mK and (m2/s) are the thermal conductivity and thermal diffusivity. 
For the experiment is a transient process, the physical properties of the fluid were 
calculated based on the film temperature which is calculated by following equation: 
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Where, Ts and Tb are the test heater surface temperature, and the bulk gas temperature, 
respectively. 
The uncertainty of the measurement of the heat generation rate, the heat flux, and the 
heater surface temperature of the test heater, are estimated to be  1%,  2%, and  1 
K, respectively. And the uncertainty for the transient heat transfer coefficients is estimated 
to be  2.5%. 
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Fig.2.3 Diagram of the heating device for the test heater and the measuring and data 
processing system.  
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2.3.3 Experimental method 
The experiments procedure was implemented as follows. A precise double bridge 
was adopted to obtain the relationship between electric resistance and temperature in the 
range of effect length of test heater which was putted in a thermostat. The relationship 
was expressed by the following equation. 
 
)TT(RR
aa
2
0
1                      (2.7) 
 
Where, Ta is the average temperature, 
oC, R is the measured resistance at temperature of 
Ta, mΩ, and  are temperature coefficients which are about 3.98 x 10-3, 5.88 x 10-7 for 
platinum, respectively. In this experiment, the next expression was obtained from the 
measurement result. 
 
)105880109231(8109 263 T.T..R   for the plate heater (PT160)      (2.8) 
  
)105880100341(678 263 T.T..R   for the plate heater (PT197)       (2.9) 
  
)1058801099631(0419 263 T.T..R   for the plate heater (PT198)    (2.10) 
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)105880106031(7617 263 T.T..R    for the twisted plate (PT201)    (2.11) 
  
)105880103641(8938 263 T.T..R   for the twisted plate (PT203)      (2.12) 
  
)105880100241(8615 263 T.T..R   for the twisted plate (PT205)     (2.13) 
  
)105880109731(320 263 T.T..R   for the twisted plate (PT207)     (2.14) 
  
)105880109931(3616 263 T.T..R   for the plate heater (PT211)      (2.15) 
 
Next, the test heater was installed to the test section. The pure helium gas was first 
filled to the test loop when the test loop was already degassed by a vacuum pump. It was 
circulated by a compressor. Flowing rate was sequentially lowered from maximum stream 
flow in stages. The regulation of the flowing rate was carried out by using a by-pass 
pipeline parallel to the test section and another by-pass pipeline near the compressor. 
After the pressure and flow rate were confirmed to be stable at each flow velocity in the 
loop, the electric current was supplied to the test heater, and the heat generation rate of 
the heater was raised exponentially, then the test heater surface temperature and the heat 
flux accompanying the passage of the time were measured.  
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CHAPTER 3 
 
Fundamental Study on Transient Heat Transfer 
 (Width Effect of Plate Heater) 
 
3.1 Experimental Conditions 
 
As shown in Figs.2.2 (a) and (b), the test heater was mounted horizontally along the 
center part of the circular test channel. In this chapter, platinum plate with an effective 
length of 39.8 mm, 39.8 mm and 50.5 mm for plate width of 2 mm, 4 mm and 6 mm 
respectively was used as the test heater. 
Table 3.1 shows the experimental conditions. The heat generation rate was 
exponentially raised with an function, Q
．
 = Q0exp(t/τ). The transient heat transfer were 
measured for various periods of heat generation rate (e-fold time) which ranged from 46 
ms to 17 s at gas temperatures of 303 K and 313 K. The flow velocities ranged from 4 
m/s to 10 m/s. The system pressure ranged from 400 ~ 800 kPa.  
 
 
 
 
CHAPTER III 
46 
 
Table 3.1 Experimental conditions 
 
Test fluid Helium 
Plate width 2 mm 4 mm 6 mm 
Effective Length 39.8 mm 39.8 mm 50.5 mm 
Period of heat generation rate () 46 ms ~ 17 s   
Gas temperature 303 K, 313 K   
System pressure 400 ~ 800 kPa   
Flow velocity 4 ~ 10 m/s   
Reynolds number 3,000 ~ 20,000   
 
3.2 Experimental Results and Discussion 
 
3.2.1 Experimental data of heat generation rate, surface superheat and heat 
flux 
 
Figure 3.1 shows typical experimental data of the time-dependence of heat 
generation rate, Q
．
, surface temperature difference, T  ( T =Ts-Tb), and heat flux, q, at 
the gas temperature of 303 K and the periods of heat generation rate of 1.68 s, 429.2 ms, 
and 89.6 ms, respectively. The gas flow velocity is 10 m/s and the width is 6 mm. As 
shown in this figure, heat generation rate, surface temperature difference and heat flux 
increase more rapidly while the period is shorter. It is understood that the surface 
temperature difference and heat flux increase exponentially as the heat generation rate 
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increases with exponential function. 
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(c) Heat flux 
 
Fig.3.1 The relation of Q
．
, ΔT, q with time at various periods for the plate width of 6 
mm. 
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As shown in Fig.3.2, the surface temperature difference for plate-width 2 mm is 15% 
smaller than that for plate width 4 mm at 21 s (t/ =4.2). It is considered that the heat 
transfer is larger for narrow plate than that for wide plate at a period of 5 s. This indicated 
that the transient thermal stress for plate-width 2 mm is some smaller than that for plate-
width 4 mm when the period  is at a relatively large value (5 s). Therefore, a more 
compact construction for IHX (Intermediate Heat Exchanger) may obtain higher heat 
transfer coefficient. 
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Fig.3.2 Relationship of ΔT and t at period of 5 s for plate-width 2 mm and plate-width 4 
mm. 
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3.2.2 Transient heat transfer coefficient at various periods of heat 
generation rate 
 
Heat transfer coefficient, h, is defined as shown in the following equation. 
 
T/qh                                (3.1) 
 
Figures 3.3 (a) and (b) show instantaneous heat transfer coefficients versus times at 
various periods. The heat transfer coefficients dip to constant values from higher initial 
values when the time passes over a certain time (t/> 4). Some researchers [1] thought it 
was caused by the conjunction of wall thermal capacity and development of thermal 
boundary; it occurred at times t > L/U. However, as shown in Figs.3.3 and 3.4, the times 
when the heat transfer coefficient reaches constant is not only related to the L and U, but 
also related to the periods of heat generation rate, . It is considered that the heat transfer 
process is mainly a heat conduction problem at the initial stage of the heat transfer process 
[2] for the thermal boundary layer is very thinner than the velocity boundary layer, and 
the increment speed of the thermal boundary layer depends on the period of heat 
generation rate, . In this research, we focused on asymptotic values of heat transfer 
coefficients at t/ > 4. Hereinafter these asymptotic values will be used as the transient 
CHAPTER III 
50 
 
heat transfer coefficients. 
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(a) Velocity 10 m/s 
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(b) Velocity 4 m/s 
Fig.3.3 Instantaneous heat transfer coefficients with the increase of time at various 
periods. (a) Velocity 10 m/s, (b) Velocity 4 m/s. 
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Fig.3.4 Heat transfer coefficient at various Ut/L for plate-width 2 mm. 
 
Figures 3.5 [3] and 3.6 show the heat transfer coefficients at various periods of heat 
generation rate at a gas temperature of 313 K and 303 K for helium gas with heater widths 
of 4 mm and 2 mm, respectively. The heat transfer coefficient, h, becomes to approach 
asymptotic value at each velocity when τ is longer than about 1 s. The heat transfer process 
in this region transmits heat as well as usual convective heat transfer through the thermal 
boundary layer influenced by the flow of helium gas. It is called the quasi-steady state 
heat transfer here. For the periods larger than 10 sec, the heat transfer coefficients show 
constant values. Therefore, in this study, the constant values of heat transfer coefficient 
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at periods larger than about 10 sec are considered as steady-state heat transfer coefficients. 
On the other hand, when the period, τ is shorter than about 1 s, h increases as τ 
shortens. This shows that the heat transfer process is in the unsteady state. In the region 
of τ shorter than 200 ms, the conductive heat transfer near the heater comes to govern the 
heat transfer process, and the heat transfer coefficient increases greatly with a shorter 
period in this region. It was clarified that the heat transfer phenomenon was divided into 
a quasi-steady state heat transfer and a transient heat transfer on the boundary of around 
1 s. The coefficient of heat transfer increases with the flow velocity as shown in the Figs. 
3.5 and 3.6. It can also be found that the heat transfer coefficient for the heater with width 
of 2 mm is higher than that for the heater with width of 4 mm when they are compared at 
the same velocity and period (e-fold time). 
To specify the increment of heat transfer coefficients between transient state and 
quasi-steady state, following equation was defined. 
 
st
sttr
in
h
hh
h

                                   (3.2) 
 
where, hin is relative increment of heat transfer coefficient between transient state and 
quasi-steady state, htr is heat transfer coefficient for transient state, hst is heat transfer 
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coefficient for quasi-steady state. 
Based on the data shown in Figs.3.5 and 3.6, it is clarified that the relative increment 
of heat transfer coefficient, hin (Eq.(3.2)), between transient state and the quasi-steady-
state at width of 2 mm is higher than that at width of 4 mm. Such relative increment at 
width of 2 mm is from 93% to 58% by comparing the heat transfer coefficient at the 
period of 50 ms with the heat transfer coefficient at quasi-steady-state within the velocity 
ranging from 4 m/s to 10 m/s. Meanwhile the relative increment between heat transfer 
coefficient at 50 ms and the quasi-steady-state is from 24% to 11% for the 4 mm-width 
heater within the same velocity range. It is considered that the influence of period (e-fold 
time) to heat transfer coefficient increases with the decrease of width. 
As shown in Figures 3.5 and 3.6, the heat transfer coefficients for 2 mm-width flat 
plate are higher than those of the 4 mm-width one for helium gas at the same flow velocity 
and gas temperature. By comparing the heat transfer coefficients for 2 mm-width plate 
with those for 4 mm-width plate, the increment of heat transfer coefficient increases as 
decreasing the period when it is at the transient state. However, when it becomes to quasi-
steady state, the increment stays almost the same (about 35%) as period changes. This 
can be indicated in Fig.3.7 and the phenomenon is similar to the variation trend of heat 
transfer coefficient for the plate itself at various periods. In the view of this, it can be 
CHAPTER III 
54 
 
understood that the effect of heat conduction at transient state is high when the width of 
the plate is narrow. 
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Fig.3.5 Heat transfer coefficients for helium gas at various periods and gas flow 
velocities (heater width = 4 mm) [3]. 
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Fig.3.6 Heat transfer coefficients for helium gas at various periods and gas flow velocities 
(heater width = 2 mm). 
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Fig.3.7 Comparison of heat transfer coefficients for 2 mm-width plate and 4 mm-width 
plate at various periods. 
CHAPTER III 
56 
 
By doing a further study on the quasi-steady state and transient state, we found that 
these two states are related to the temperature difference and its time derivative. Therefore, 
a parameter * (s-1) as stated by Eq.(3.3), was defined. As shown in Fig.3.8, * is larger 
than 1 s-1 at transient state for <1 s, and * is smaller than 1 s-1 at quasi-steady state for 
> 1s. 
 
T
dt/Td*


                              (3.3) 
 
Assuming the temperature distribution in the plate being uniform (Lumped-heat-
capacity method), we obtain following equation based on energy balance in the plate. 
 
dt
dT
VcThAVQ
hhs
.
                       (3.4) 
 
If we further assume that the heat capacity of the test plate is extremely small (the 
right term of Eq. (3.4) equals to 0) and substitute Q
．
 = Q0exp(t/) into this equation then 
the parameter *= T/dt/Td  )(  =1/. This is an interesting relation between the 
temperature increasing rate and the period of heat generation rate. According to the data 
in Figs. 3.5 and 3.6, the heat transfer is divided into two ranges at the boundary of about 
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 = 1 s. Then parameter * exactly equals to 1 at  = 1 s, for >1 s, * <1, the heat transfer 
is at quasi-steady state, and for <1 s, * > 1, it is at transient state. 
Equation (3.4) shows the energy balance for transient conditions where (hAsT) is 
the convective term and dt/VdTchh  is the change in internal energy. It can also 
recognize that (dT/dt) = (dT/dt). Therefore, the (dT/dt) and T can express the growth 
rate of internal energy and convective heat transfer. It is considered that the internal 
energy growth may be related to the growth of temperature gradient near the interface 
between the heater and helium gas. It can also be regarded that when * is larger than 1  
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Fig. 3.8 * at various periods of heat generation rate. 
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s-1 the internal energy grows faster than convective heat transfer. In other word, the 
conductive heat transfer will grows faster than convective heat transfer either. Therefore, 
after a certain time (t/ > 4), the conductive heat transfer predominates the heat transfer. 
On the contrary, the convective heat transfer predominates the heat transfer for * is 
smaller than 1 s-1. 
 
3.2.3 Effect of pressure on quasi-steady-state and transient heat transfer 
Figures 3.9 [5] and 3.10 show the transient heat transfer coefficients for plate-width 
2 mm and plate-width 4 mm at various pressures. The pressure ranged from 400 kPa to 
800 kPa. It can be seen from these two figures that the heat transfer coefficients are higher 
for higher pressure: they increase around 45% for plate-width 2 mm and around 51% for 
plate-width 4 mm as the pressure increases from 400 kPa to 800 kPa at quasi-steady-state 
with gas velocity of 10 m/s. It is considered that the pressure shows a strong influence on 
the heat transfer coefficient. It can be understood that the heat transfer coefficient is 
affected by the thermal physical properties of the gas, particularly by the increasing 
density which associated with the pressure. The density of the gas increases due to the 
increasing in pressure and also the density increase will cause the increasing in Reynolds 
number. It will finally enhance the heat transfer as known in the general convective heat 
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transfer. 
On the other hand, the pressure changes have a relatively small impact to heat 
transfer coefficient at transient state. The heat transfer coefficients have increased by 28% 
~ 43% for plate-width 2 mm and about 42% for plate-width 4 mm at gas velocity of 10 
m/s from 400 kPa to 800 kPa. Such phenomena can also be found when the gas velocity 
was 4 m/s and the plate-width was 2 mm as shown in Fig.3.11. The heat transfer 
coefficients have increased by 24% ~ 34% at transient state and have increased by 37% 
at quasi-steady-state. In a previous research [3], it was found that when it is at the transient 
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Fig.3.9 Heat transfer coefficient at various periods and pressures for plate-width 4 
mm [5]. (Velocity 10 m/s). 
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state the conductive heat transfer plays a major role comparing with convective heat 
transfer and the pressure almost do not affected the thermal conductivity in a certain 
pressure range [4], so in the case of transient state the effect of pressure on heat transfer 
is some weaker than that at quasi-steady-state which was governed by the convective heat 
transfer. 
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Fig.3.10 Heat transfer coefficient at various periods and pressures for plate-width 2 mm.  
(Velocity 10 m/s). 
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Fig.3.11 Heat transfer coefficient at various periods and pressures for plate-width 2 mm.  
(Velocity 4 m/s) 
 
 
3.2.4 Correlations of quasi-steady-state forced convection heat transfer ( 
≥ 1s) for different widths 
Figures 3.12 and 3.13 show the relationship between the Nusselt numbers and the 
Reynolds numbers for helium gas at the periods ranging from 1.7 s to 17 s with plate-
width of 4 mm and 2 mm. They are shown on Nust/Prf 
1/3 versus Ref graphs. As shown in 
both figures, the Nusselt number increases linearly with square root of Reynolds number. 
The Nusselt numbers for quasi-steady-state heat transfer can be correlated by the 
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following empirical equations. Such equations have been obtained by fitting the 
experimental data under pressures ranging from 400 to 800 kPa. 
For plate-width 4 mm [5]: 
 
3150
21
/
f
.
fst
PrRe.Nu                        (3.5) 
 
For plate-width 2 mm: 
 
3150
61
/
f
.
fst
PrRe.Nu                        (3.6) 
 
              
where, Nust = hstL/  , Ref = UL/, hst (W/m2K) is quasi-steady-state heat transfer 
coefficient, the Prandtl number, Prf, is about 0.68 in the range of this experiment. 
Figure 3.14 shows the relations between the Nusselt numbers (Nust) and the 
Reynolds numbers (Ref) for the widths ranging from 2.0 mm to 6.0 mm at the velocities 
ranging from 4 m/s to 10 m/s. It also shows the relations between Nust and Ref for cylinders 
with different diameters and plate with infinite width. As shown in this figure, the Nusselt 
number increases as the width of plate heater decreases and such thing is similar to that 
the Nusselt number increases while the diameter of cylinder heater decreases. It can be 
seen that the Reynolds number is under the range of laminar flow, so the experimental 
data can be correlated as follows: 
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3150
1
/
f
.
fst PrReCNu                               (3.7) 
 
Where, Prf is Prandtl number and C1 equals to 1.6, 1.2 [5], and 1.04 for widths of 2.0 mm, 
4.0 mm and 6.0 mm, respectively, and C1 equals to 0.68 for an infinite plate [6]. 
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Fig.3.12 Quasi-steady-state heat transfer at various periods and Reynolds numbers for 
plate-width 4 mm [5]. 
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Fig.3.13 Quasi-steady-state heat transfer at various periods and Reynolds numbers for 
plate-width 2 mm. 
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Fig.3.14 Nusselt numbers at various Reynolds numbers. 
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According to the results of this work and the previous work [3], it is understood that 
the heat transfer performance shows significant dependence on the size of the plate. 
Holman [6] reported an emperical correlation on laminar convection heat transfer in tubes 
by using a modifying factor of (d/L)1/3 to take into account the effect of heater length, 
where d is diameter of tube, L is heater length. In a previous work [7], a modifying factor 
of (D/D0)
-0.5 was used to express the effect of the cylinder diameter on the heat transfer 
for helium gas flowing over a cylinder with various diameters, where, D is cylinder 
diameter, and D0 = 1mm is a reference diameter. The following empirical equation with 
taking into account the effect of the plate-width can be correlated by fitting all of the 
coefficients in Eq.(3.7). 
 
315040
0
)(12
/
f
.
f
.
st
PrRe
W
W
.Nu                           (3.8) 
 
where, W is width of the plate and W0 is a reference width of 1 mm. 
By doing a further study, it is found that the boundary layer of one-side plate surface 
will asymptotically deflect to the boundary layer of the contrary-side surface in the area 
near the corner (edge) of the plate. As a result, the boundary layer on the plate edge 
appears a thinner one compared to the boundary layer on the main area of the plate surface 
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and the heat transfer coefficient in such area will be higher than that in the main area of 
the plate surface. We call the effect of this as "edge effect". The edge effect for narrow 
plate will be higher than that for wide one due to the higher ratio of edge effect for narrow 
plate. The modifying factor of 2.1(W/W0)
-0.4 is used to express the edge effect on heat 
transfer due to different plate widths. 
The Nusselt number at various Reynolds numbers for cylinders are also plotted in 
Fig.3.14 for comparing with the data of plate. As is seen in Fig. 3.14, it can be found that 
the correlation of Nust and Ref for plate heaters is almost in the area between cylinder and 
infinite plate. This can be considered that: based on the same thickness, when the plate-
width decreases, the aspect ratio of the plate also decreases, then the shape of the plate is 
approaching to cylinder. In other words, the temperature grandient near the edge of the 
plate may arises greater effect for the narrow plate than that for the wide plate. 
 
3.2.5 Correlations of transient forced convection heat transfer ( < 1 s) at 
different widths 
Figure 3.15 shows the relationship between Nusselt numbers and Reynolds numbers 
at various periods. It can be found that they are not only affected by the flow velocity but 
also affected by the periods below about 1 s. 
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As stated above, Liu et al. [3,4,7] carried out experiments on the transient heat 
transfer of helium gas for cylinders and for plate with width of 4 mm. They obtained an 
empirical correlation of the ratio of transient Nusselt number, Nutr, to the quasi-steady-
state Nusselt number, Nust, using a dimensionless period of * (* =U/L). The present 
experimental data can also be correlated in this way. As shown in Figs.3.16 (a) ~ (c), the 
empirical correlations for plate-widths 2 mm, 4 mm and 6 mm are obtained as follows. 
 
)1( 802
.
sttr τ*CNuNu
                          (3.9) 
 
where, C2 = 2.8 for 2 mm-width plate; C2 = 0.6 for 4 mm-width plate and C2 = 0.3 for 6 
mm-width plate. The experimental data are within 10% of the values obtained by Eq. 
(3.9) as shown in Figs. 3.16. 
It can be indicated that the increase ratio for the ratio of Nutr to Nust is on the decline 
if the width of the heater increases. Furthermore, as shown in Fig.3.16(c) the Nutr and the 
Nust is almost the same for the case of plate-width 6 mm. The rapid transient effect to heat 
transfer performance becomes weak with the increasing of the width of plate-heater.  
It can also be indicated that the correlation at transient state for 2 mm-width plate is 
similar to that for 2 mm-diameter cylinder [7] (where C2 = 2.0 in Eq. (3.9)). It is an 
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interesting phenomenon that the correlation at quasi-steady state for 2 mm-width plate 
also agrees with that of 2 mm-diameter cylinder within 5% as stated in 3.3.4. 
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Fig.3.15 Transient heat transfer at various periods and Reynolds numbers. 
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(b) 4 mm-width plate 
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Fig.3.16 Ratios of Nutr to Nust for different widths under various system pressures. (a) 2 
mm-width plate, (b) 4 mm-width plate, (c) 6 mm-width plate. 
 
  
3.3 Semi-Empirical Correlation for Heater Temperature 
Difference 
 
3.3.1 Semi-empirical correlation 
It can be found that the time derivative of heat generation rate can be expressed as 
follows: 
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

.
/t
.
QeQ
dt
Qd
 0                            (3.10) 
 
By taking the derivative of Eq. (3.4) and substituting (dT/dt) = (dT/dt) and Eq. 
(3.10) into it, a new equation may be expressed as: 
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Substituting Eq. (3.11) into Eq. (3.4) we obtained: 
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By solving Eq. (3.12) with initial conditions (T = T0 = 313 K, Q
．
 = Q0 for t = 0), the 
temperature difference can be finally obtained as: 
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t
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Where,  
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Q0 is initial heat generation rate, and h is the measured experimental data in section 3.3. 
 
3.3.2 Comparison of experimental results with the semi-empirical 
correlations 
 
Figures 3.17(a) and 6(b) indicate the comparison of temperature difference between 
experimental data and the semi-empirical correlation (Eq. (3.13)). As can be seen from 
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(a) plate-width 2 mm, velocity 10 m/s 
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the figures, the agreement of T revealed by Figs. 3.17 (a) and (b) between the semi-
empirical correlations and the experimental data for the plate-width 2 mm and 4 mm is 
quite satisfactory. They agree within 3%. 
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(b) plate-width 4 mm, velocity 4 m/s 
 
Fig. 3.17 Comparison of experimental results with the semi-empirical correlations. 
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3.4 Summary 
 
Transient heat transfer was experimentally studied using platinum plate heaters with 
different widths under various velocities, pressures and periods of heat generation rate. 
Following results were obtained. 
(1) The widths of plate have a great influence on the heat transfer coefficient: the heat 
transfer coefficients for narrow heaters are much higher than those for the wide ones 
under the same velocity and the same pressure.  
(2) The transient heat transfer coefficients show significant dependence on pressure, they 
are higher for higher pressures. 
(3) The experimental data were correlated into two different empirical equations for the 
quasi-steady-state and transient state, respectively. Furthermore, the correlation of 2 
mm-width plate agreed with that of 2 mm-diameter cylinder at quasi-steady state heat 
transfer. 
(4) A semi-empirical correlation was obtained to express the temperature difference with 
time. 
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CHAPTER 4 
 
Advanced Study on Transient Heat Transfer (Effect of 
Heat Transfer Enhancement due to Twisted Plate) 
 
 
4.1 Test Method and Details for Twisted Plate 
 
Figures.4.1 (a) and (b) show three dimensional view and the cross section of the test 
section. The twisted plate (test heater) was mounted horizontally along the central axis of 
the circular test channel, which is made of stainless steel (20 mm in the inside diameter). 
A platinum plate (ribbon) with a thickness of 0.1 mm, and a width of 4.0 mm or 2.0 mm 
was used as the test heater. It was twisted along the central line of the plate as shown in 
Fig.4.1 and the twisted pitch (H) means the length which the plate was 180 deg twisted 
or the wave length of the twisted plate. The pitches of the twisted plate were 20 mm, 25 
mm, and 30 mm for each width. The test heater was 69.2 mm in length for 20 mm-pitch, 
4 mm-width twisted plate; both ends of it were soldered to two copper plates with a 
thickness of 0.7 mm, then connected to two copper electrodes. Two fine platinum wires 
(0.05 mm-dia.) were spot welded to the central parts of the twisted plate as potential 
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conductors. The effective length of the test heater between the potential taps, on which 
transient heat transfer was measured, was 61.25 mm for 20 mm-pitch&4 mm-width 
twisted plate. Details for other test heaters were tabulated in Table 4.1. The helix angle 
which will be discussed later in detail is calculated based on the helix angle used in the 
mechanical engineering and equals to arctan(πW/2H). 
It should be noted that the pressure drop across the twisted plate is less than 2 kPa 
(0.4% of the system pressure). Therefore, pressure drop is small enough to be neglected 
in this research. The detailed measurement method and apparatus is illustrated in 
Appendix. 
 
Table 4.1 Details of plate heaters 
Heater’s 
No.  
Helix 
angle 
Twisted 
pitch/Width 
Effective 
length 
Length No. of 
pitch 
PT160 0° Infinity/4 mm 39.8 mm 50.0 mm 0 
PT211 0° Infinity/4 mm 66.7 mm 96.6 mm 0 
PT198 0° Infinity /2 mm 39.8 mm 46.0 mm 0 
PT205 17.4° 20 mm/4 mm 61.25 mm 69.2 mm 3 
PT207 14.1° 25 mm/4 mm 81.0 mm 92.5 mm 3 
PT201 11.8° 30 mm/4 mm 66.4 mm 74.1 mm 2 
PT203 8.9° 20 mm/2 mm 67.1 mm 80.0 mm 4 
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 (a) Three dimensional view 
 
 
(b) Cross section view 
1. Test heater          2. Potential conductor 
3. Current conductor     4. Thermocouple 
 
Fig.4.1 Test section 
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4.2 Experimental Conditions 
 
The transient heat transfer experimental data for helium gas were measured for the 
periods of heat generation rate ranged from 46 ms to 17 s and temperatures ranged from 
303 K to 313 K under a system pressure of 500 kPa. The flow velocities ranged from 4 to 
10 m/s, and the corresponding Reynolds numbers are ranged from 3000 to 20,000. The 
heat generation rate was raised with exponential function, )/exp(0  tQQ
 . Where, Q  
is heat generation rate, Q0 is initial heat generation rate, t is time, and is period of heat 
generation rate. A smaller or shorter period,means a higher increasing rate of heat 
generation. Experimental conditions are tabulated in Table 4.2. 
 
Table 4.2 Experimental conditions 
 
Period of heat generation rate 46 ms ~ 17 s 
Inlet gas temperature 303 K, 313 K 
System pressure 500 kPa 
Gas velocity 4, 6, 8, 10 m/s 
Reynolds number 3000 ~ 20,000 
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4.3 Experimental Results and Discussions 
 
4.3.1 Experimental data of heat generation rate, surface temperature 
difference, and heat flux 
Figure 4.2 shows typical experimental data of the time-dependence of heat 
generation rate, Q
．
 , surface temperature difference, T ( =Ts-Tb), and heat flux, q, at the 
gas temperature of 303 K and the heat generation rate increasing periods of 1.73 s, 433 
ms, and 90 ms, respectively. The gas flow velocity is 10 m/s and the helix angle for the 
twisted plate is 17.4°. As shown in this figure, heat generation rate, surface temperature 
difference and heat flux increase more rapidly while the period is shorter. It is understood 
that the surface temperature difference and heat flux increase exponentially as the heat 
generation rate increases with exponential function. Such phenomenon is in agreement 
with that of plate heater [1]. 
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Fig.4.2 The relation of Q , ΔT, q with time at various periods for the 20 mm-pitch 
twisted plate.  
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4.3.2 Transient heat transfer coefficient for twisted plate 
Transient heat transfer coefficient, h, can be obtained from the measured heat flux 
and surface temperature difference (h=q/T). Figure 4.3 shows instantaneous heat 
transfer coefficients versus temperature difference at periods of 0.17 s and 17 s. The heat 
transfer coefficient approaches an asymptotic value when the temperature difference is 
larger than 150 K. It can also be confirmed that the transient heat transfer coefficients 
approach asymptotic values similarly at all periods, velocities and other experimental 
conditions as well as the case of plate heater. Therefore, we also use the asymptotic values 
(averaged values of instantaneous heat transfer coefficients in the range of 150 K to 400 
K) as the transient heat transfer coefficients and all of the h hereafter are the asymptotic 
values. 
Figure 4.4 shows the heat transfer coefficients for 20 mm-pitch twisted heater at 
various periods of heat generation rate. The gas temperature is 303K and the pressure is 
500 kPa. The coefficient of heat transfer increases with flow velocity at each period as 
shown in the figure. In a previous work, Liu et al. [1] investigated the transient heat 
transfer phenomena for helium gas flowing over a horizontal plate heater. They clarified 
that the heat transfer process was divided into a quasi-steady-state heat transfer and a 
transient heat transfer on the boundary of 1s. According to their results, the heat transfer 
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process in quasi-steady-state heat transfer transmits heat as well as usual convective heat 
transfer through the thermal boundary layer influenced by the flow of gas. On the other 
hand, when the period,  is shorter, the conductive heat transfer near the heater comes to 
govern the heat transfer process. It is considered that the development of temperature 
boundary layer is slower than the increment of wall temperature at transient state. 
Therefore, the temperature boundary layer is thin and heat conduction is high due to high 
temperature gradient. As a result, the effect of heat conduction on transient heat transfer 
at transient state is higher than that at quasi-steady state. Meanwhile, the effect of 
convective heat transfer for both state is almost the same due to equal Reynolds number. 
Therefore, the heat transfer coefficient for transient state is higher than that for quasi-
steady state. In the case of twisted heater, these phenomena are the same with that of the 
plate heater [1] as shown in Fig.4.4. When the period, , is longer than about 1s, the heat 
transfer coefficient, h, becomes to approach asymptotic value at every velocity. In this 
region, it was understood that the heat transfer process is quasi-steady-state heat transfer.  
On the other hand, when the period,  is shorter than about 1 s, the heat transfer 
coefficient, h increases as the period,  shortens. This shows that the heat transfer process 
is in the unsteady state. Particularly, when the period,  is shorter than 200 ms, the heat 
transfer coefficient increases greatly with shorter period. Therefore, it can also be 
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indicated that the conductive heat transfer still predominate the heat transfer at the 
transient state. 
Figure 4.5 and Fig.4.6 show the experimental data for other pitch (25 mm) and width 
(2 mm) of twisted plate at the same experimental conditions ( pressure 500 kPa, 
temperature 303 K), respectively. These data also show that they are divided into the 
quasi-steady heat transfer region and the transient heat transfer region on the frontier of 
about 1 s as well as the case of 20 mm-pitch&4 mm-width. However, it can be found that 
the heat transfer coefficient for different geometry is different at the same period , and 
the geometric effect of the twisted heater will be discussed in detail later.  
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Fig.4.3 Instantaneous heat transfer coefficients at periods of 0.17 s and 17 s. 
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Fig.4.4 Heat transfer coefficient for helium gas at various periods and gas flow 
velocities (Twisted pitch 20 mm, width 4 mm). 
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Fig.4.5 Heat transfer coefficient for helium gas at various periods and gas flow 
velocities (Twisted pitch 25 mm, width 4 mm). 
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Fig.4.6 Heat transfer coefficient for helium gas at various periods and gas flow 
velocities (Twisted pitch 20 mm, width 2 mm). 
 
 
4.4 Comparison of the Experimental Data of Twisted Heater with 
Those of Plate Heater 
 
Figures 4.7 (a) ~ (d) show the quasi-steady state and transient Nusselt numbers (Nu) 
for 20 mm-pitch twisted heater with a width of 4 mm compared with authors’ 
experimental data of a plate heater with the same width [1]. The Nusselt numbers are 
calculated by: 

hL
Nu                                   (4.1) 
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Where, h (W/m2K) is the average transient heat transfer for temperature difference ranged 
from 150 K to 400 K, L (m) is the effective length of the heater and λ (W/mK) is thermal 
conductivity of the twisted heater. 
As shown in Fig.4.7(a), the Nusselt numbers are 80% ~ 90% higher than those of 
the plate one for helium gas at the flow velocity of 4 m/s and gas temperature of 303 K. 
And also, it can be seen from Figs.4.7 (b) ~ (d), the heat transfer coefficients are 80 ~ 
100% higher than those of plate one at the velocity of 6 m/s to 10 m/s. It is considered 
that the twisted heater shows a significant enhancement on the quasi-steady and transient 
heat transfer. This is because the heat transfer coefficients are affected by the change in 
the flow due to swirling flow occurring on the twisted heater. In general, the heat transfer 
enhancement on a twisted tape is attributed to following mechanisms [2]: (1), swirl flow 
mixing, (2), increased flow velocity and flow length, (3), tape fin effects. In this case, it 
is considered that the partitioning and blockage of the flow cross section by the twisted 
heater arises higher flow velocities, the helically twisting fluid motion has an effectively 
longer flow path, and secondary convection in the cross section is generated by the 
asymmetrical distribution of velocity in this section. 
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(b) 6 m/s 
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(c) 8 m/s 
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(d) 10 m/s 
Fig.4.7 Comparison of heat transfer performance between twisted plate and flat plate 
with 4 mm-width at various periods. 
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(a) 4 m/s 
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(b) 6 m/s 
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(c) 8 m/s 
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(d) 10 m/s 
Fig.4.8 Comparison of heat transfer performance between twisted plate and flat plate 
with 2 mm-width at various periods. 
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4.4.1 Effect of heat transfer enhancement for different plate-width 
A similar phenomenon can be indicated from Figs.4.8 (a) ~ (d) for twisted plate with 
20 mm-pitch and 2 mm-width at the velocity of 4 m/s ~ 10 m/s and gas temperature of 
303 K. The heat transfer enhancement due to twisted plate is also obvious for all 
experimental conditions. 
However, as shown in Fig.4.9, by comparing the heat transfer enhancement between 
twisted plate and flat plate for different width, a different effect of heat transfer 
enhancement can be found. The heat transfer enhancement for wide plate (4 mm-width) 
is 80% ~ 100%, which is higher than that for narrow plate (2 mm-width) 50% ~ 80%. It 
is considered that the velocity nearby the twisted plate can be separated into two portions: 
a tangential velocity (Vt) and a axial velocity (Va). Although the axial velocity for each 
location is the same, the tangential portion is different. For the purpose of specify the 
screw severity of the plate, the helix angle which was used in the mechanical engineering 
was introduced by unravelling the helix line (Ls) from the hypothetical circular cylinder 
with a screw diameter of W as shown in Fig.4.10. The helix angle was defined as: 
 
)
H
W
arctan(
2

                               (4.2) 
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Where, H means the pitch of the twisted plate and W means the width of the plate. 
    It is easy to discover that the twisted angle for wide plate is larger than that for 
narrow plate. Therefore, the tangential velocity, Vt (m/s) for wide plate at the edge is larger 
than that for narrow one. And also, the helix line, Ls (m) for wider plate is longer. For the 
reason stated above, the secondary convection in the cross section due to tangential 
velocity and the extended flow path due to helix line are larger for wider plate. The effect 
of secondary convection will be stated in section 4.6. 
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Fig.4.9 Effect of heat transfer enhancement. 
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Fig.4.10 Geometrical characteristics and resolution of fluid swirl velocity.  
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4.5 Quasi-Steady-State Heat Transfer for Twisted Heater 
 
4.5.1 Effect of pitch on quasi-steady-state heat transfer 
Figure 4.11 shows the effect of pitch on the quasi-steady-state heat transfer at gas 
temperature of 303 K and velocity of 10 m/s. It can be seen from Fig.4.11, the heat transfer 
coefficients increase with the decrease in pitch length of twisted plate, it is the highest 
one at the pitch of 20 mm. It was understood that the heat transfer coefficients are affected 
by the pitch. In this experiment, the heat transfer coefficients for the twisted heater are 
more than 12% higher than that of plate heater [1]. It is considered that the swirl motion 
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Fig.4.11 Effect of twisted pitch on quasi-steady-state heat transfer coefficient. 
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near the heater due to secondary flow increases for shorter pitch heaters. Moreover, flow 
mixture in the bulk is raised, and the axial vortex is produced as the flow proceeds along 
the twisted heater. Therefore, it was considered that the short pitch twisted heater is useful 
to enhance heat transfer coefficients. 
 
4.5.2 Correlations for quasi-steady-state heat transfer at various velocities 
and pitches 
Figure 4.12 shows the relation between the Nusselt numbers and the Reynolds 
numbers for the periods ranged from 1.7 s to 17 s on the graph of Nust/Pr
1/3 versus Re. 
Symbols show the experimental data at various twisted pitches. As shown in the figure, 
for the periods longer than about 1 s, the Nusselt numbers increase with flow velocity 
though they are not affected by the period. The Nusselt numbers can be correlated for 
helium gas by the following empirical equation: 
 
3150 /.
st PrCReNu     for twisted plate                (4.3) 
 
where, Nust = hst L/ , Re=UL/ , Re ranged from 3.62 × 103 to 2.0 × 104, hst is quasi-
steady-state heat transfer coefficient, L is effective length of the heater,  is thermal 
conductivity, U is gas flow velocity, and  is kinematic viscosity. The values of 
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coefficients, C, are 1.77 for 20 mm-pitch, 1.73 for 25 mm-pitch, and 1.57 for 30 mm-
pitch twisted plates, respectively. The Prandtl number, Pr, is about 0.68 for helium gas in 
the range of this experiment. Values calculated by the correlation (Eq. (4.3)) are shown in 
Fig.4.12. They agree well with the experimental data. The values calculated by the 
following correlation for the plate heater [1] (Eq. (4.4)) are also shown in Fig.4.12 for 
comparison. The experimental data for twisted plate are 24%~39% higher than the values 
of flat plate obtained by Eq. (4.4). 
 
3150241 /.
st
PrRe.Nu     for flat plate                  (4.4) 
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Fig.4.12 Quasi-steady-state heat transfer for various twisted pitches. 
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Though the transient heat transfer for twisted heaters at quasi-steady state can be 
simply correlated by the correlation of Eq. (4.3) showed in Fig.4.12. It is reasonable to 
correlate a correlation by taking the geometrical feature of the twisted plate into account. 
In the studies for heat transfer enhancement to the channels due to twisted plate, various 
parameters were adopted to correlate the correlations, for examples [2-5], the 
dimensionless twisted ratio, Y = H/d was used to measure the severity of the helical 
twisted and a swirl parameter that describes the intensity of the tape-twisted induced 
secondary motion was defined as 
 
Y/Re
d/V
d/pVH/V
forceviscous
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Also, the swirl flow length is given by: 
 
212 ))2(1( /
s
Y/LL                           (4.6) 
 
to express the increased flow path. 
    In this study, the heat transfer enhancement of the twisted plate itself was 
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investigated and a redefined swirl parameter, Sw = Y/Re
sw
could be adopted to 
indicate the swirl flow effect due to the large magnitude of the swirl parameter described 
in Eq. (4.5). Width effect was also taken into account by using the dimensionless 
parameter W/W0 and Sw, following correlation was obtained based on the experimental 
data. 
3150660
0
46 /..
st
PrSw)W/W(.Nu                 (4.7) 
 
The correlation can express well the experimental data within ±10% as shown in 
Fig.4.13. 
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Fig.4.13 Correlation for twisted plate with various pitches.  
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4.6 Correlation for Transient Heat Transfer at Various Velocities 
and Periods 
 
As can be estimated from Figs.4.4 ~ 4.6, for the periods under about 1 s, the heat 
transfer coefficients are affected both by the period and the flow velocity. They approach 
asymptotic values in the quasi-steady-state heat transfer for the periods longer than about 
1 s. Therefore, the Nusselt numbers are also affected by the period as well as the flow 
velocity; they approach asymptotic values in the quasi-steady-state heat transfer for the 
periods longer than about 1 s. Liu et al. [1] have reported transient heat transfer for helium 
gas flowing over a flat plate at various velocities and periods, and obtained an empirical 
correlation of ratio of transient Nusselt number, Nutr, to quasi-steady-state one, Nust, using 
a non-dimensional period, *(*=U/L). The present experimental data for twisted plate 
can be also correlated using the non-dimensional period, *, as shown in Fig.4.14 (20 
mm-pitch), and following correlation can be obtained: 
 
80111 .sttr )L/τU(.Nu/Nu
                       (4.8) 
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As shown in Fig.4.14, the ratio of Nutr to Nust decreases to unity as the non-
dimensional period increases. The transient heat transfer approaches quasi-steady-state 
one for the non-dimensional period larger than about 300. The heat transfer shifts to the 
quasi-steady-state heat transfer for longer period and shifts to the transient heat transfer 
for shorter period at the same flow velocity. The transient heat transfer approaches the 
quasi-steady-state one for higher flow velocity at the same period. 
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Fig.4.14 Transient heat transfer for twisted plate at various velocities and periods.  
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4.7 Local Heat Transfer Performance for Twisted Plate 
 
For the purpose of studying the local heat transfer performance of twisted plate, four 
sections of 4 mm-width twisted plate were tested respectively under the same 
experimental condition. As shown in Fig.4.15, the axial length of these four test parts 
from the onset (edge) of the twisted plate along the downstream direction were 0.5H, 
0.5H, H and H, respectively, where H is the pitch of twisted plate. 
 
PT2051 PT2052 PT2053 PT2054
Direction of flow
 
 
Fig.4.15 Test part locations for 20 mm-pitch twisted plate. 
 
4.7.1 Quasi-steady state  
As shown in Fig.4.15, for the reason that the test section is very short, it is considered 
that the average heat transfer coefficient of each section is located at the central point of 
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the axis line of each section. Figure 4.16 indicates the local heat transfer coefficients 
downstream from the onset of the twisted plate. It can be found from Fig.4.16 that the 
local heat transfer coefficient decreases as the y increases. Especially, the heat transfer 
coefficients for the first half pitch are 24% higher than those for the mean values of the 
twisted plate at velocities of 4 m/s to 8 m/s. It is different from that for the flat plate 
(Fig.4.17). For the flat plate, the heat transfer coefficients for different effective lengths 
(distance from the onset of the plate along the downstream direction) were almost the 
same. 
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Fig.4.16 Local heat transfer coefficients for each part under various velocities. 
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Fig.4.17 Heat transfer coefficients for flat plate at different effective lengths. 
 
4.7.2 Transient state  
For a further purpose of studying the local heat transfer performance and specifying 
the increment of heat transfer coefficients between transient state and quasi-steady-state, 
following equation was defined. 
 
st
sttr
in
h
hh
h

                                (4.9) 
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where, hin is relative increment of heat transfer coefficient between transient state and 
quasi-steady-state, htr is heat transfer coefficient for transient state, hst is heat transfer 
coefficient for quasi-steady-state. The results of Eq. (4.9) were plotted in Figs.4.18 (a) - 
(c) and the relative increment of heat transfer coefficient, hin (Eq. (4.9)) increases as 
decreasing the velocity. Therefore, it can be clarified that the local transient heat transfer 
is affected by the velocity. It is similar to the phenomenon for flat plate. It can also be 
seen from Figs.4.18 (a) - (c) the increment of transient heat transfer coefficient for PT2051 
and PT2054 is higher than that for PT2052+PT2053. This is an interesting phenomenon 
for PT2051 and PT2054 are located in the inlet and outlet position in which the convective 
heat transfer should be enhanced due to inlet- and outlet-effect. Therefore, the transient 
heat transfer should be weak as stated before. However, the transient heat transfer for inlet 
and outlet position is stronger than that for the middle position (PT2052+PT2053). It is 
considered that the construction of velocity boundary layer for the twisted plate is 
different from that for the flat plate. For flat plate, the velocity profile in the direction of 
width is uniform and the flow is parallel to the axial line of the plate. When it comes to 
the twisted ones, the velocity is composed of axial component and tangential component 
[2], the tangential component for inlet and outlet part may be higher than that for the 
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middle parts. It is considered that the heat transfer in the direction perpendicular to the 
axial line affected the transient local heat transfer.  
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(a) Location at PT2051. 
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(b) Location at PT2052+PT2053. 
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(c) Location at PT2054. 
Fig.4.18 Local transient heat transfer performance at various periods.  
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4.8 Discussion on Mechanisms of Heat Transfer Enhancement 
Due to Twisted Plate 
 
The heat transfer enhancement due to swirl flow induced by twisted plate can be 
ascribed to a variety of effects: 
 
(1) Thinned velocity boundary layer:  
As shown in Figs.4.10, the blockage effect of the twisted plate leads the parallel 
mainstream to be swirl stream in the bulk surrounding the twisted plate. The swirl flow 
velocity (Vs) for a certain point B can be separated into the mean axial velocity, Va, m/s 
and the tangential velocity, Vt, m/s (Fig.4.10 (b)). Point B is the intersection point between 
boundary layer and the hypothetical cylinder 1 with a diameter of W at section A-A and 
section A-A is located at the conjunction plane between plate part and twisted part of the 
heater in the upstream direction. It is considered, the velocity of mean axial flow (Va) for 
point B equals to m
．
/ρA0, which is the same with the mean bulk flow because it is located 
in the boundary layer of the hypothetical plate. In other word, the velocity of the swirl 
flow (Vs) as shown in Fig.4.10 (b) should be larger than the bulk velocity and due to the 
conservation of flow rate, the boundary layer for twisted part should be thinner than that 
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for hypothetical plate which means the velocity gradient for twisted part is larger than 
that for the plate. This will enhance the flow convection and also the heat conduction in 
the direction normal to the surface of the heater will be enhanced as well. Therefore, the 
heat transfer performance for both quasi-steady state (predominated by convection [1]) 
and transient state (predominated by conduction [1]) was enhanced. The mechanism 
stated above can be confirmed from Fig.4.9 that the enhancement rate for a certain heater 
keeps in a certain range for both states.  
 
(2) Secondary convection in the cross section: 
As stated in above section (1), the tangential velocity will be formed when the flow 
comes to the twisted part. However, as shown in Fig.4.10 (d), for the case of point B’ 
which is the intersection point between boundary layer and the hypothetical cylinder 2 
with a diameter of W’ at section A-A, the tangential velocity Vt’ will be smaller than Vt as 
shown in Fig.4.10 (b). This is because both of the points are located on the boundary layer 
of the hypothetical plate, and the mean axial velocity (Va) is equal. The twisted angle for 
B’ is smaller than that for B and the tangential velocity equals Vatan(θ). It can also be 
found that the tangential velocity for different points will be different due to different 
twisted angles for different hypothetical cylinders with different diameters or radial 
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distances to the central line (OO’). Therefore, there will be a complex convection in the 
cross section in the range of the twisted part. When the mean axial velocity is large enough, 
the vortex will formed due to the centrifugal force caused by the tangential velocity. 
 
(3) Flow mixture in the bulk around the twisted heater: 
    As shown in Fig.4.10 (d), the temperature of point C in A-A section should be bulk 
temperature for it is far away from the heater, however, when it flows downstream to the 
next half pitch (B-B section) it will be pushed to the heater and the temperature will rise 
up. In a similar way, the point B and point B’ will keep away from the heater due to the 
centrifugal force. The cold flow and the warm flow will exchange periodically and this 
will enhance the heat transfer.  
 
(4) Extended flow length 
    The flow length increases due to its flowing over a partitioned, twisting path. 
 
4.9 Summary 
 
Forced convection transient heat transfer for helium gas at various periods of 
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exponentially increasing heat input to a twisted plate (heater) with various pitches was 
experimentally studied. The Nusselt numbers of the twisted plates were compared with 
the values of a flat plate with the same width and thickness. An enhancement in the heat 
transfer coefficient for the twisted plate was clarified. Conclusion remarks were 
summarized as follows: 
(1) The effect of pitch of twisted plate (twisted effect) in this study shows a strong 
influence on the heat transfer performance. The Nusselt numbers were more than 50% 
higher than those of the flat plate.  
(2) In the range of this experiment, the convective heat transfer for a small pitch heater 
is higher than that for a large pitch heater. 
(3) The correlations of quasi-steady-state heat transfer for the twisted plates with different 
pitches were obtained based on the experimental data. 
(4) The correlation for transient heat transfer for the twisted plate was obtained based on 
the correlation for quasi-steady-state heat transfer and the non-dimensional period, 
U/L. 
(5) Similar to the flat plate, the heat transfer coefficient of twisted plate for wide width is 
lower than that for the narrow one. 
(6) The heat transfer enhancement is attributed to several mechanisms: thinned velocity 
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boundary layer, secondary convection in the cross section, flow mixture in the bulk 
around the twisted heater and extended flow length. 
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CHAPTER 5 
 
Conclusions 
 
Forced convection heat transfer for helium gas flowing over a flat plate and twisted 
plate due to exponentially increasing heat input was experimentally studied. In this study, 
transient heat transfer for flat plate with three different widths was investigated under 
wide range experimental conditions. Furthermore, transient heat transfer enhancement for 
twisted plate with three different pitches and two kind of widths was studied under the 
same experimental conditions with flat plate, the results were compared with the results 
of flat plate. The mechanisms of heat transfer enhancement due to twisted plate were 
discussed. 
In the study for flat plate, transient convective heat transfer due to helium gas 
flowing over it was experimentally studied. The heaters were platinum plates with a 
thickness of 0.1 mm and widths of 2 mm, 4 mm and 6 mm. The heat flux, surface 
temperature, and transient heat transfer coefficients were measured for helium gas passing 
by horizontal plates under wide experimental conditions such as velocities, pressures, 
widths of plate and periods of heat generation rate. It was clarified that the heat transfer 
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coefficient approaches the quasi-steady-state value when the period is more than around 
1 s and it becomes higher when the period is shorter than around 1 s. It was found that the 
heat transfer coefficient becomes higher with the increase of gas pressure under the same 
velocity and period of heat generation rate. It was also found that the width has a great 
influence on the heat transfer coefficient: the heat transfer coefficients of narrow heaters 
are much higher than those of wide ones under the same velocity and the same pressure. 
Based on the experimental data, empirical correlations were obtained for both quasi-
steady state heat transfer and transient state one at various plate-widths. Furthermore, an 
edge effect was clarified and a modifying factor 2.1(W/W0)
-0.4 is used to express this 
effect. The analytic solutions for transient heat transfer under the same experimental 
conditions with experimental data were described. A semi-empirical correlation of 
surface temperature difference for plate heater was obtained based on the experimental 
data and analytic results. 
In the study for twisted plate, forced convection transient heat transfer for helium 
gas at various periods of exponential increase of heat input to a twisted plate was 
experimentally studied. The pitches of the twisted plates were 20 mm, 25 mm, and 30 
mm and the width were 2 mm and 4 mm. The heat transfer coefficients for total length of 
the twisted plate were compared with the values of flat plate which has the same width 
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and thickness with the twisted one. It was clarified that the heat transfer coefficient 
approaches the quasi-steady-state one for the period longer than about 1 s, and it becomes 
higher for the period shorter than about 1 s. This phenomenon is the same with flat plate. 
The local mean heat transfer coefficients have been tested as well. The heat transfer 
coefficients of twisted plate are about 10% for 2 mm-width one and 15% for 4 mm-width 
one higher than those of flat plate with the same width at the quasi-steady state. When it 
comes to non-dimensionless parameter, the Nusselt numbers are about 50% ~ 80% for 2 
mm-width one and about 80% ~ 100% for 4 mm-width one. Therefore, an enhancement 
in the heat transfer coefficient for the twisted plate was clarified. Moreover, based on the 
experimental data, empirical correlation of heat transfer for twisted plate was obtained by 
taking into account the effects of geometrical feature of the twisted heater. Furthermore, 
the local heat transfer coefficients for twisted plate was investigated. The heat transfer 
coefficient of the first half pitch is 24% higher than that of the total length of the same 
twisted plate. Finally, the mechanisms of heat transfer enhancement due to twisted plate 
were discussed, and generalized into four points: (1) thinned velocity boundary layer; (2) 
secondary convection in the cross section; (3) flow mixture in the bulk around the twisted 
heater; (4) extended flow length.  
CHAPTER V 
120 
 
  
CHAPTER V 
121 
 
PUBLICATIONS 
Journal paper: 
[1] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda, “Transient Heat Transfer for Helium Gas Flowing 
over a Plate”, Journal of the JIME, 48(3), pp.129-134 (2013). 
[2] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda, “Experimental and Numerical Study on Transient 
Heat Transfer for Helium Gas Flowing over a Flat Plate Containing an Exponentially Increasing Heat 
Source”, Mechanical Engineering Journal, 11(4),1-13, (2014). 
[3] Qiusheng Liu, Zhou Zhao, and Katsuya Fukuda, “Transient Heat Transfer for Forced Flow of 
Helium Gas along a Horizontal Plate with Different Widths”, International Journal of Heat and Mass 
Transfer, 75, pp. 433-441, (2014). 
 
International Proceeding: 
[1] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda, et.al, “Study on Forced Convection Transient Heat 
Transfer for Helium Gas Flowing over Horizontal Heaters ”, ISHT8-08-08,pp. 1-6 (2012).                                          
[2] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda, "Study on Forced Convection Transient Heat 
Transfer for Helium Gas Flowing over Horizontal Heaters", EAISS2012, Nov. 20-24, Kobe, Japan, 
pp. 33-35 (2012).                                             
[3] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda. "Transient Heat Transfer for Helium Gas Flowing 
over a Horizontal Flat-Plate with Different Widths," the 21st International Conference on Nuclear 
Engineering, ICONE21-15303, July 29 - August 2, Chengdu, China (2013).                                                               
[4] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda. "Experimental and Numerical Study on Transient 
Heat Transfer for Helium Gas Flowing over a Flat Plate with Uniform Exponential Heat Generation", 
The 24th International Symposium on Transport Phenomena, Yamaguchi, Japan (2013). 
[5] Qiusheng Liu, Zhou Zhao, and Katsuya Fukuda, “Transient Heat Transfer for a Twisted Plate in 
Forced Convection Flow of Helium Gas”, Proceedings of the 15th International Heat Transfer 
Conference, IHTC-15, IHTC15-8667, August 10-15, Kyoto, Japan (2014).    
[6] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda, “Experimental Study on Transient Heat Transfer 
Enhancement for Helium Gas Flowing over a Thin Twisted Plate”, Proceedings of the 22nd 
International Conference on Nuclear Engineering, ICONE22, ICONE22-30158, July 7-11, Prague, 
Czech Republic, (2014). 
[7] Zhou Zhao, Qiusheng Liu and Katsuya Fukuda, “Numerical and Experimental Study on Transient 
Forced Convection Heat Transfer for Exhaust Gases Flowing over a Horizontal Plate”, Proceedings 
CHAPTER V 
122 
 
of the International Symposium on Marine Engineering (ISME) September 15-19, Harbin, China, 
Paper-ISME120, (2014). 
 
Domestic proceeding 
[1]趙，劉，福田，“Transient Heat Transfer for Helium Gas Flowing over a Plate”, 第８２回日本
マリンエンジニアリング学術講演会,pp. 41–42 (2012). 
[2]趙，劉，福田，"ねじりテープ発熱体における過渡熱伝達", JSME関西支部第 88期定時総
会講演会講演論文集, pp. 1207 (2013). 
[3]趙，劉，福田，“ヘリウムガス流れにおけるねじり発熱体の伝熱促進効果”, 第８3回日本
マリンエンジニアリング学術講演会,pp. 47-48 (2013). 
 
Appendix 
123 
 
APPENDIX 
A.1 Test of Pressure Drop Caused by Heaters 
Figure.A.1 shows the test apparatus of pressure drop for the test section. The 
differential pressure gauge was mounted across the two ends of the tested section. The 
result shows that the pressure drop caused by the heater can be ignored for the pressure 
drop is less than 2 kPa (0.4% of the inlet pressure). 
 
 
Fig.A.1 Test section with pressure differential gauge.  
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Fig.A.2 Photo of test section and test heater. 
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A.2 Material Properties of Helium Gas 
 
Table A.1 Properties of helium gas under the system pressure of 500 kPa 
Temperature (K) 293 313 333 353 
Density(kg/m3) 0.82 0.77 0.72 0.68 
Specific 
Heat (J/kgK) 
5193 5193 5193 5193 
Viscosity 
(10-5Pa*s) 
1.96 2.05 2.14 2.23 
Thermal 
conductivity(W/mK) 
0.149 0.156 0.163 0.169 
Thermal expansion 
coefficient(10-3/K) 
3.41 3.19 3.0 2.83 
Prandtl number 0.69 0.68 0.68 0.682 
 
